Human papillomaviruses (HPVs) 5, 8, 19 and 25 induce macular skin lesions in patients with epidermodysplasia verruciformis. HPVs 5 and 8 are known to prevail in skin carcinomas, which develop in about one-third of these patients. We compared the viral DNAs by heteroduplex analysis and on the basis of partial nucleotide sequences. The colinear genomes were closely related and showed nucleotide sequence homology in the range of 40~ to 90~. Homology values between 70~o and 80~ were observed throughout roughly 4 kb of the heteroduplex molecules as estimated after "calibration' by partial sequencing. Heteroduplex analysis did not support the hypothesis that the different HPV types arise by recombination and allowed no grouping to correlate with the association with malignant turnouts. The upstream regulatory sequences of HPVs 8, 19 and 25 appeared highly conserved but differed from those of previously sequenced papillomaviruses in length, in the TATA motif, in the copy numbers and positions of the ACCGN4CGGT palindrome and of a YGCCAA direct repeat, and in two strictly conserved blocks of 33 and 29 nucleotides.
INTRODUCTION
Human papillomaviruses (HPVs) induce a variety of tumours of skin and mucosa. This heterogeneous group of viruses is presently represented by over 45 types. The type largely determines the clinical manifestation and the natural history of the lesions. Subgroups can be formed on the basis of substantial nucleotide sequence homology and this classification generally correlates with biological properties such as tissue tropism or cytopathogenic effects .
The genome organization of the various papillomaviruses is highly conserved. The early (E) region of about 4 kb contains five to seven open reading frames (ORFs E1 to E7). Genetic dissection revealed functions in replication (E l), high copy maintenance of extrachromosomal viral DNA (E6, E7), trans-activation of viral transcription (E2) and cell transformation (E6, E5) (Pettersson et al., 1986) . Two ORFs within the late (L) region (L1 and L2) encode structural proteins. The nucleotide sequences are usually most conserved within the 3' moiety of ORF E 1, the 5' region and the 3' end of ORF E2, and the entire ORF L1. Greatest divergence is noted among ORFs E4, E5 and within the regulatory region upstream of the early region (URR), which harbours transcription control signals and the origin of replication (Waldeck et al., 1984; Spalholz et al., 1985 ; Lusky & Botchan, 1986) . Conserved motifs could nevertheless be identified close to one of the major early promoters of HPV types 6, 11, 16 and 33, which all affect the genital mucosa (Schwarz et al., 1983; Seedorf et al., 1985; Dartmann et al., 1986; Cole & Streeck, 1986) .
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Patients with epidermodysplasia verruciformis (EV) suffer from an inherited susceptibility to clinically manifest infection with selected HPV types (Orth, 1986) . At least 16 different types have been characterized, which induce very flat warts or macules in EV patients and yet are rarely detected in any lesions within the normal population. Based on cross-hybridization of subgenomic DNA fragments, recombination was discussed as a possible cause of the observed heterogeneity (Gassenmaier et al., 1984) . HPV 5 and HPV 8 in particular are associated with skin cancers, which arise in about 30~ of all EV patients. This may reflect an increased oncogenic potential of these types. Such a biological difference is remarkable in view of extensive sequence homology with related types, which occur only in benign lesions.
The nucleotide sequence of HPV 8 DNA revealed colinearity with other HPV DNAs . Its URR was surprisingly short, however, indicating a new organization, which might provide a key to the restricted host range of viruses in EV patients. We started a more detailed comparison of the DNAs of HPVs 5, 8, 19 and 25 with the following objectives: (i) examination of the hypothesis that HPVs 5, 8, 19 or 25 may have arisen from one another by recombination; (ii) characterization of sequences that might be common to HPVs 5 and 8 or HPVs 19 and 25 as representative HPVs from malignant or benign tumours, respectively; (iii) identification of conserved elements within the U RRs that may reflect essential control signals of this HPV subgroup.
METHODS
Viral DNA. The cloning of the HPV 5, HPV 19 and HPV 25 genomes in lambda L47 has been described previously (Gassenmaier et al., 1984) . The two EcoRI fragments of HPV 5 were recloned in pBR322. An HPV 5 variant, which was independently cloned as one piece at the BamHI site of pBR322 (Ostrow et al., 1982) , was kindly provided by R. Ostrow ( Fig. 1) . HPV 19 and HPV 25 were recloned into pUC9 vectors (Vieira & Messing, 1982) at the BamHl or the EcoRI site, respectively (pHPI9 and pHP25). The orientation of the physical maps of the viral genomes with respect to the vector sequence was determined by cleavage with several restriction enzymes (F!g. 1). The HPV 8 prototype DNA was cloned as two BamHI-EcoRI fragments in pBR322 (pHPS/l. 1-9 kb; pHP8/2, 5-7 kb) (Pfister et al., 1981) and a variant strain (Gassenmaier et al., 1984) was cloned as one piece at the EcoRI site of pUC9 (Fig. 1) .
Heteroduplexformation and analyses. DNA plasmids were each linearized by a single restriction cut located asymmetrically in the vector region with respect to the HPV insert. Alternatively, HPV DNA was excised from the vector (cutting with the enzyme used originally for its cloning) when the alignment of the two genomes was not essential. The digests were extracted with phenol and ether, and the DNA was precipitated with ethanol and redissolved in 10 mM-Tris-HCl, 1 mM-EDTA pH 8.5.
Heteroduplex formation followed two protocols. In one case the double-stranded DNA was heat-denatured. The denatured DNAs (at concentrations of about 2 gg/ml each) were annealed in 30% formamide, 10 mM-Tris-HCI pH 7.4, 1 mM-EDTA, 0-2 M-caesium chloride for 30 min at 30 °C. The samples were passed through a Sephadex G-100 column (4 x 45 mm), equilibrated with 10 mM-Tris-HC1, 1 mM-EDTA pH 7. Relationship between papillomaviruses 3093 spread from 50~ formamide, 0-1 M-Tris-HCI pH 8-5, 1 mM-EDTA with cytochrome c (Sigma, Type VI) onto a hypophase of 0.005~ octyl glucopyranoside in water (Koller & Delius, 1984) . This spreading condition is approximately equivalent to the Tm-15 °C described below. Alternatively, the two DNAs were denatured with alkali, neutralized with 2 M-Tris-HCI pH 7.2 and formamide was added. The renaturation mixture contained 1.5 ~tg/ml of each DNA, 0.1 M-Tris-HC1, 0-01 M-EDTA pH 8.5 and 30~ (v/v) formamide. Renaturation was carried out at room temperature for 15 to 20 rain and was terminated by chilling on ice. Aliquots were mounted at room temperature onto electron microscope grids under different stringencies. The hyperphase contained 0.I M-Tris-HC1, 0.01 M-EDTA pH 8.5 and 30, 40, 50, 60 or 70~ formamide whereas the hypophase contained 0.01 M-Tris-HCI, 1 mM-EDTA pH 8-5 and 5, 10, 20, 30 or 40~ formamide. These conditions corresponded to T m -41 °C, T m -27 °C, T m --21 °C or T m -15 °C respectively, for HPV DNAs. Samples were stained and shadowed with platinum or platinum-palladium as described by Davis et al. (1971) . Pictures were taken at 5000 × or 10000 × magnification in a Zeiss 10A electron microscope. Measurements of molecules were done on 10 × enlarged projections with a Numonics planimeter or with a digitizing stage connected to a Cromemco microcomputer.
DNA sequence analyses. DNA sequences were determined by the chain termination method of Sanger et al. (1977) . Overlapping HPV DNA fragments were generated by digestion with different restriction enzymes and cloned into M13 (Hu & Messing, 1982) . Sequencing started from the 17-mer universal primer. The sequences were evaluated by means of the program of the University of Wisconsin Genetics Computer Group (Devereux et al., 1984) .
RESULTS

Heteroduplexes between HPV 5 and HPV 8 DNAs
We have compared the DNAs of two variant strains of HPV 5, which differ only in a few restriction enzyme cleavage sites (Ostrow et al., 1982; Pfister et al., 1983) . Even under rather stringent conditions (Tm -15 °C), the two isolates formed a perfect double-stranded circular heteroduplex molecule after each had been excised from its vector, denatured and crossannealed. We therefore concluded that the two isolates were over 90~ homologous to each other. To simplify the interpretation of heteroduplexes between HPV 5 and HPV 8, we chose to use the variants, each of which was cloned in one piece. The HPV 5 and HPV 8 clones were both linearized with SaII. Heteroduplexes were formed at the non-stringent condition of T m --41 °C, as described in Methods. The HPVs were inserted into the vector in opposite orientations. The vector sequences remained single-stranded in the heteroduplexes formed between HPV 5 and HPV 8. When electron microscope grids were prepared at Tm-41 °C, the two HPV DNAs formed a totally double-stranded circular heteroduplex. The positions of the single-stranded vector sequences present as branches of different lengths indicated that the cloning sites of the two DNAs were permuted by 19.6~ as shown in Fig. 4 . At Tm-28 °C, two small regions of non-homology were visible ( Fig. 2a) as single-stranded bubbles, indicating that these regions had about 72 ~o homology. A single-stranded gap was also usually seen at the cloning site of HPV 8, but not at the cloning site for HPV 5. We suspect some non-homology existed at the former site. Using the vector sequence branches to mark position and orientation, we aligned the nonhomology map to the restriction maps of HPV 5 and HPV 8 and to the HPV 8 sequence (Fig. 4) . The partially homologous regions were located in the L2 and E60RFs, and possibly in the carboxy terminus of L 1 where the single-stranded gap was seen. With respect to HPV 5, this alignment agreed, within experimental error, with our previous heteroduplex alignment with HPV 1 (Watts et al., 1985) .
Heteroduplexes between HP V 19 and HPV 25 DNAs
The plasmids used had HPV 19 and HPV 25 in the same orientation with respect to the pUC9 vector sequence (see Fig. 1 e and d, Fig. 4 ). The two DNAs were each linearized with SalI restriction endonuclease and heteroduplexes were prepared after denaturation and reannealing under a non-stringent condition (Tin -41 °C for homoduplexes). The samples were spread with cytochrome under conditions of increasing stringency. At low stringency the two DNAs formed perfect double-stranded figure of eight-shaped molecules with a double-stranded pUC9 tail (Fig. 2b ). Even at a stringency of Tm -21 °C only some of the molecules had one or two singlestranded loops (Fig. 2c these heteroduplexes, on the orientations of the two DNAs in their vectors, and on the Southern blot data available (Gassenmaier et al., 1984) , we aligned the homology map to the restriction maps of these two DNAs as shown in Fig. 4 . Because of the different cloning sites used, the two DNAs were permuted by about 8.1 ~o, causing the small double-stranded loop in the figure of eight circle formed between the two DNAs ( Fig. 2b and c) . Frequently, single-stranded regions were observed to border this small loop. We suspected that topological constraints might have hampered the formation of a perfect duplex. We therefore liberated HPV 25 from the vector by EcoRI digestion and hybridized it to the HPV 19 clone linearized with SalI so that the two single-strands could form out-of-register circular molecules without steric constraints imposed by the vector, which remained as a single-stranded tail. Indeed, complete homology was observed in the 8.1 ~ permuted region. Only the two non-homologous loops shown in Fig. 4 were seen in heteroduplexes at Tm -21 °C. These data indicated that HPV 19 and HPV 25 were more closely related to each other than HPV 5 and HPV 8. A more detailed profile of the distribution of heterologous regions was obtained by spreading heteroduplex molecules onto an aqueous hypophase without formamide. Additional loops appeared in the area of ORF E6 and at the 3' ends of ORFs E2, L2 and L1 (Fig. 4) .
Heteroduplexes between HPV 5 and HPV 25 DNAs
HPV 5 and HPV 25 clones, both linearized with SalI, were hybridized at T m --41 °C and mounted onto electron microscope grids at various stringencies. At Tm -41 °C, the two DNAs formed perfect duplex circles linked to a partially double-stranded vector tail, indicating that the two DNAs were in the same orientation with respect to their vectors (see Fig. 1 a and d, Fig. 4) . From the positions where the two vector DNA strands emerged from the circle, it was determined that their cloning sites were permuted by 19.7~ in the orientation shown in Fig. 4 . At T m -34 °C, more than half of the heteroduplexes still remained as completely doublestranded circles. In the remainder of the molecules, one or two small unpaired regions were visible, indicating these segments had about 66~ homology. The regions of divergence were localized to the E6 and L20RFs and aligned with their restriction maps (Fig. 4) . This alignment of restriction and genetic maps is completely consistent with those derived from heteroduplexes of HPVs 5 and 8 and of HPVs 8 and 25 (see below). At Tm-21 °C, these two regions were denatured in all the heteroduplexes and expanded towards the LI ORF and the URR (Fig. 2d,  Fig. 4) ; homologies over these intervals were 66~ to 79~. Some molecules were linear, indicating that the entire 20 ~ region between the EcoRI site of HPV 25 and the BamHI of HPV 5 was unpaired (data not shown). On the basis of these results, HPVs 5 and 25 were clearly less related than HPVs 19 and 25, the heteroduplexes of which remained fully double-stranded at T~ -28 °C (Fig. 2b ) and showed only partial denaturation at T~ -21 °C (Fig. 2c, Fig. 4 ). HPVs 5 and 25 furthermore had a slightly lower degree of homology than HPVs 5 and 8.
Heteroduplexes between HPV 8 and HPV 19 or HPV 25 DNAs
The plasmids pHP19 and pHP25 ( Fig. 1 c and e) were linearized with SalI, plasmids pHPS/1 and pHP8/2 were digested with BamHI and EcoRI. Heteroduplex experiments were carried out at various stringencies and indicated a degree of overall homology comparable to that between HPV 19 and HPV 25. For a detailed evaluation the heteroduplexes were spread onto a hypophase of 0-005 ~ octyl glucopyranoside (Fig. 3) . From the orientation of the DNAs in the vector, from Southern blot data (Gassenmaier et al., 1984) and partial nucleotide sequences of HPV 19 and HPV 25 (see below), the heterology profiles were aligned with the restriction maps of the three viruses (Fig. 4) . The profiles of HPV 8-HPV 19 and HPV 8-HPV 25 were similar, showing best homology within the 5' moiety and at the 3' end of ORF E1 as well as within the 3' portion of ORF L1. HPV 19 differed from HPV 25 in a more pronounced homology with HPV 8 within the 5' end of the upstream regulatory region and ORF E4.
Partial nueleotide sequence of HPV 25 and HPV 19 DNAs
We determined the nucleotide sequence of segments of HPV 25 DNA (see Fig. 4 ) and compared it with the DNA sequence of HPV 8 to refine the results of the heteroduplex analysis Fig. 1 c) . B, Heteroduplex between pHP8/1 (cut with EcoRI and BamHI) and pHP19 (linearized with Sail as in A). C, Heteroduplex between pHP8/2 (cut with EcoRI and BamHI) and pHP25 (linearized with SalI; Fig. 1 e) . D, Heteroduplex between pHP8/1 (cut with EcoRI and BamHI) and pHP25 (linearized with SalI as in C). The circular heteroduplex structure resulting from the vector pBR322 cut from the pHP8 plasmids, and the vector pUC9 still attached to the linearized plasmid single strands of pHP19 and pHP25 are marked in the tracings by V. The nucleotide numbers correspond to those of the published HPV 8 sequence . One base frameshifts are marked by arrowheads.
and to correlate the denaturation patterns with absolute sequence homology. The 5' portion of ORF El, which appeared double-stranded even in heteroduplexes prepared at very high stringency (T m -15 °C), showed 80~o sequence homology within 660 nucleotides. Genome areas that were partially denatured in these heteroduplex molecules revealed 75~o homology over 120 and 350 nucleotides, respectively. Totally denatured segments showed considerable variation, between 45 ~ and 73~ nucleotide sequence homology (Fig. 4) . Within coding areas the degree of homology of the encoded amino acids was comparable to that of the DNA sequences. The values differed in the range of __+ 10~. Nucleotides 1215 to 1275 from the 5' part of ORF E1 showed 74~ homology between HPV 25 and HPV 8. However, there was no homology of encoded amino acids due to a one nucleotide frameshift, which was compensated by an additional nucleotide in HPV 25 DNA after 50 nucleotides (Fig. 5) .
The upstream regulatory regions between ORFs L1 and E6 of HPV 19 and HPV 25 ( first ATG codon of ORF E6 probably corresponds to the TATAAA transcriptional start signal of other papillomaviruses. The 'TATA box', consisting of roughly 50 A and T nucleotides, is preceded by a CAAT motif at a distance of 50 nucleotides. The DNA palindrome ACCGN4CGGT, which appears several times in the regulatory regions of all papillomaviruses, exists three times in HPV 8. Only the third repeat is strictly conserved in HPV 19 and HPV 25 whereas the first and second are modified (Fig. 6 ). An additional degenerate form of this motif (P') exists in the three viral sequences close to the CAAT box.
Downstream from the ACCGNgCGGT palindrome, or from equivalent positions, and partially overlapping there are sequences reminiscent of the simian virus 40 (SV40) late promoter and of sequences found upstream of the cap sites of early bovine papillomavirus type 1 (BPV 1) mRNAs. These sequences are compared in Table 1 .
The comparison of HPV 8, HPV 19 and HPV 25 sequences also revealed two highly conserved blocks of 33 and 29 nucleotides, respectively, at the 5' and 3' ends of the regulatory regions. Furthermore there are four conserved YGCCAA direct repeats. The heteroduplex analysis was calibrated by the direct comparison of the nucleotide sequences of HPV 8 and HPV 25. Regions which were beginning to melt (10~o to 50~ singlestranded in heteroduplexes) at Tm -15 °C showed 75~ sequence homology. Regions with 80~ homology still formed perfect double strands, which would not be expected at this stringency but can be explained by clusters of highly conserved elements (86~ to 96~ homology), holding together short regions with 72 ~ to 80 ~ homology, which lower the value of average homology. Double-and single-stranded regions of heteroduplex molecules sometimes showed only minor differences in nucleotide sequence homology. This explains the fact that two genomes may both hybridize to a third one in a region where they do not form a double strand themselves. The HPV 5 DNA sequence was published recently (Zachow et al., 1987) . A comparison with the HPV 8 nucleotide sequence confirmed the heteroduplex alignment and the above calibration.
The AvaI B fragment of HPV 25, which comprises almost the entire ORF E 1 and the 5' end of ORF E2 is more closely related to HPV 8 than to HPV 19. In contrast, AvaI fragments A and C, coding for late genes and for the 5' end of the early region, show a higher degree of homology to HPV 19. This explains the results of Southern blot hybridization obtained earlier (Gassenmaier et al., 1984) . The heteroduplex profiles give no evidence, however, that HPV 25 arose by recombination between HPV 8 and HPV 19. There are regions showing homology between the three virus types, between two types only or between none of them. This cannot be reconciled with the assumption of a recombination event. It seems more likely that the three types evolved from a common ancestor with varying conservation of different genomic regions.
DNA and inferred protein sequence homologies were very much in accordance. In contrast to more distantly related viruses, the 5' parts of ORFs E1 of HPV 8, 19 and 25 appeared more conserved than the 3' moieties. The two domains were recently shown to encode independent trans-acting factors, namely negative and positive effectors of viral DNA replication (Berg et al., 1986; Roberts & Weintraub, 1986) . The putative negative modulators of HPV 8 and HPV 25 reveal 80% to 90~ amino acid sequence homology except for a totally different stretch of 17 amino acids, which is due to a one nucleotide frameshift. This short amino acid sequence of E1 is s1 $2 $3 [a)
['~ 1 -~ T P' P P' P' P' PP' PP P C T  ~fI  rl  I1 11  I1  I1 1111  fill  13 FI I1 6, 11, 16 and 33 (Schwarz et al., 1983; Dartmann et al., 1986; Seedorf et al., 1985; Cole & Streeck, 1986) . Part (c) is based on the consensus shown in Fig. 6 . P, Palindrome ACCGN4CGGT; P', degenerate palindrome ACCN6GGT; S, sequences which may indicate mRNA start sites; C, CAAT box; T, TATA box; M, common motifs of HPVs associated with EV.
rather variable among papillomaviruses, which may indicate that the affected part of the protein is not essential for function. The heteroduplex analysis disclosed no sequences which were particularly related between HPV 5 and HPV 8 as compared to HPVs 19 and 25. This indicates that differences in the association with malignancy are not reflected by major sequence divergence.
The sequence analysis of the upstream regulatory regions of HPV 8, HPV 19 and HPV 25 revealed a peculiar organization (Fig. 7) , which is also shared by HPV 5 (Zachow et al., 1987) . These control regions are considerably shorter than in other papillomaviruses, including HPV 1 (964 nucleotides; Danos et al., 1982) , which infects the skin like HPVs 5, 8, 19 and 25. A TATA and a CAAT motif appear 30 and 130 nucleotides upstream of the first ATG codon of ORF E6 and are likely to constitute the early promoter of HPV 8-related viruses, by analogy with BPV 1 (Engel et al., 1983; Stenlund et al., 1985) . The CAAT motif TTGTTPuPyTGCCAACAAPy, which contains an inverted repetition, is closely related to CAAT sequences of other papillomaviruses (Schwarz et al., 1983) . The TATA box, however, consisting of a series of more than 25 AT dimers is unique among all papillomavirus sequences so far.
The cap sites of minor early mRNAs and of late transcripts of BPV 1 were recently mapped at three sites within the upstream regulatory region Baker & Howley, 1987) . They are preceded by SV40 late promoter-like sequences. In contrast to HPVs from the genital mucosa and to HPV 1, HPV 8-related viruses have three sequence blocks which are related to the SV40 late promoter. As a result of the short regulatory region, they are relatively close together.
The ACCGN~CGGT palindrome has been found to be the core sequence for binding of the ORF E2 peptide (Androphy et al., 1987 ; H. Hirochika, T. R. Broker & L. Chow, unpublished results), which is able to activate viral transcription in trans . One such sequence element appears rather regularly about 50 nucleotides in front of the CAAT box of the early promoter (Fig. 7) . The position of additional motifs is highly conserved among HPV 8-related viruses and among HPVs from the genital mucosa (Dartmann et al., 1986; Cole & Streeck, 1986) but the distribution patterns clearly differ between the two groups of viruses and from BPV 1 (Fig. 7) . In the control region of HPV 1, there are only two palindromes preceding the CAAT box, by 25 and 99 nucleotides.
A YGCCAA direct repetition is also common to all known papillomavirus URRs. The highly homologous tracts of 33 and 29 nucleotides, which appear in H PVs 8, 19, 25 and 5 (Zachow et al., 1987) , are without parallel in other papillomaviruses. They seem to be specific for viruses associated with EV. The strict conservation suggests an important function, which remains to be established, in the life cycle of these viruses.
